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ABSTRACT

This study investigated how differences in drug distribution and free fraction at different tumor and
tissue sites influence the efficacy of the multi-kinase inhibitor ponatinib in a patient-derived xenograft
(PDX) model of glioblastoma (GBM). Efficacy studies in GBM6 flank (heterotopic) and intracranial
(orthotopic) models showed that ponatinib is effective in the flank but not in the intracranial model, in spite
of a relatively high brain-to-plasma ratio. In vitro binding studies indicated that flank tumor had a higher
free (unbound) drug fraction than normal brain. The total and free drug concentrations, along with the
tissue-to-plasma ratio (Kp) and its unbound derivative (Kp,uu), were consistently higher in the flank tumor
than the normal brain at 1 and 6 hours after a single dose in GBM®6 flank xenografts. In the orthotopic
xenografts, the intracranial tumor core displayed higher Kp and Kp,uu values compared to the brain-
around-tumor (BAT). The free fractions and the total drug concentrations, hence, free drug
concentrations, were consistently higher in the core than in the BAT at 1 and 6 hours post dose. The
delivery disadvantages in the brain and BAT were further evidenced by the low total drug concentrations
in these areas that did not consistently exceed the in vitro cytotoxic concentration (ICsy). Taken together,
the regional differences in free drug exposure across the intracranial tumor may be responsible for

compromising efficacy of ponatinib in orthotopic GBM6.

INTRODUCTION

Glioblastoma (GBM) is the most common malignant brain tumor in adults, and it is estimated that
there will be about 12,000 new cases of GBM in 2017 (Ostrom et al., 2016). To date, no therapeutic
agents other than temozolomide (TMZ) and bevacizumab (BEV) have improved the overall survival (TMZ)
or symptoms (BEV) in GBM clinical trials in the past decade (Minniti et al., 2009). Despite of rigorous
therapies that typically combine surgery, radiation, and chemotherapy, only about 17% of patients with
GBM survive 2 years or longer (Ostrom et al., 2016). A large number of potent small molecule
compounds have failed to demonstrate efficacy in GBM clinical trials. Although reasons for this lack of
progress are multifactorial, the majority of small molecule compounds have limited distribution to the brain
(Oberoi et al., 2016). Many GBMs have partial disruption of the blood-brain barrier (BBB), so that

heterogeneous drug delivery into GBM may be a major contributor. In this context, preclinical studies are
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needed to elucidate further details of underlying obstacles for effective drug delivery and treatment of
brain tumors, such as GBM.

Treatment of GBM using targeted agents is complicated by extensive heterogeneity in the
molecular and genetic makeup of the tumor (Phillips et al., 2006; Verhaak et al., 2010; Brennan et al.,
2013; Parker et al., 2015), and the remarkable spatial heterogeneity in the permeability of the BBB (Jain
et al., 2007). The use of selective tyrosine kinase inhibitors has not been useful to treat GBM. Coupled
with heterogeneous drug distribution, dynamic interaction between oncogenic signaling pathways may
contribute to the lack of efficacy of the highly targeted kinase inhibitors (Pazarentzos and Bivona, 2015).
Upon selective inhibition of a molecular target, the targeted signaling pathway may adapt and activate an
alternative “escape” signaling pathway that compensates for the “targeted” inhibition of a single driving
oncogene (Pazarentzos and Bivona, 2015). For this reason, multi-kinase inhibitors are thought to delay
such drug resistance mechanisms (Sierra and Tsao, 2011).

In addition, the tumor-induced inflammatory reactions in GBM often results in heterogeneous
permeability of the BBB (Wolburg et al., 2012). The dramatic regional differences in drug delivery are
possible in GBM where some tumor cells reside behind an intact BBB, while other cells are in regions
where the BBB is “leaky” (Agarwal et al., 2011). Moreover, given the different tissue and tumor
compositions at various anatomical sites (Devaud et al., 2014), the active (free) drug concentration could
vary simply by differences in off-target binding and/or rapid clearance from certain tumor regions. Thus,
design of an ideal molecularly-targeted agent for GBM should not only consider overcoming pathway-
driven drug resistance, but also the delivery and bioavailability of therapeutic concentration to the
infiltrating GBM cells.

Successful, predictive preclinical efficacy studies for the treatment of GBM must employ animal
models that are representative of human disease, especially with respect to the heterogeneous
breakdown of BBB in GBM (Jain et al., 2007) and the extensive abnormalities in molecular drivers of
gliomagenesis (Crespo et al., 2015). Extensive tumor characterization has confirmed that the Mayo Clinic
GBM PDX panel preserves the histomorphological and molecular features of the original patient tumor
(Giannini et al., 2005). For this study, we have focused on GBM®6, a well-characterized PDX in the Mayo

Clinic GBM xenograft panel. This particular GBM line is resistant to temozolomide (TMZ) (Cen et al.,

202 ‘02 YoIe N Uo sjeudnor 134SY e Bio'seuinofiedse ed[ wody papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 28, 2017 as DOI: 10.1124/jpet.117.243477
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#243477
Page 6

2013) and a selective kinase inhibitor, erlotinib (ERL) (Sarkaria et al., 2007), when tumors are grown in an
orthotopic location. In addition to restricted drug delivery to the brain, a proteomic analysis demonstrated
that elevated expression of multiple receptor tyrosine kinases (RET and PDGFR-alpha) might also
contribute to therapeutic resistance to a selective EGFR inhibitor (unpublished data). Therefore, the use
of a multi-kinase inhibitor exhibiting potent activities against these molecular targets is warranted. We
have identified ponatinib, an FDA approved treatment for chronic myeloid leukemia, as a candidate multi-
targeted compound that has a compelling inhibitory potential against these targets in vitro at an I1Csy of 0.2
nM against RET and 1.1 nM against PDGFR-alpha (European Medicines Agency, 2013). Therefore,
ponatinib was selected be a suitable drug to examine how distribution and delivery may influence in vivo
treatment efficacy for GBM.

Free (unbound) drug concentration at the site of action is thought to be the therapeutic or
pharmacologically active concentration, while equilibrium exists between tissue-bound (total) and
unbound (free) drugs. The free drug delivery and regional drug distribution have not been extensively
studied in the preclinical GBM models. There have been no reports describing variable free drug fraction
at different tumor regions and the consequent therapeutic implications in the treatment of brain tumors. In
this study, in vivo efficacy of ponatinib, a multi-kinase inhibitor, was examined in GBM6 flank vs.
orthotopic xenografts and subsequently, we evaluated free and total drug distribution of ponatinib in flank
tumor and different regions of orthotopic GBM6 tumors. The data presented provides critical insights into

the potential therapeutic implications of heterogeneity of free drug distribution in the brain tumors.
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MATERIALS AND METHODS
Chemicals, reagents and supplies

Ponatinib (3-[2-(imidazo[1,2-b]pyridazin-3-yl)ethynyl]-4-methyl-N-{4-[(4-methylpiperazin-1-
yl)methyl]-3-(trifluoromethyl)phenyl}benzamide) (>99% purity) was purchased from LC laboratories
(Woburn, MA), imatinib methanesulfonate (4-[(4-methylpiperazin-1-yl)methyl]-N-[4-methyl-3-[(4-pyridin-3-
ylpyrimidin-2-yl)amino]phenyl]lbenzamide methanesulfonate) (>99% purity) was purchased from LC
Laboratories (Woburn, MA), and [*Hg]-ponatinib (> 98% purity) was purchased from Alsachim SAS
(likirch, France). Analytical-grade reagents were purchased from Fisher Scientific (Waltham, MA), and
cell culture reagents were from Invitrogen (Carlsbad, CA). Parental pGIPZ lentiviral vector was sourced
from Open Biosystems (GE Dharmacon, Lafayette, CO), HEK293T cells from ATCC (Manassas, VA), and
PCDNAS.1(+)/Luc2=tdT from Addgene (Cambridge, MA). Rapid equilibrium dialysis (RED) device,
comprised of a 96-well base plate and membrane inserts (8 kDa molecular weight cut-off cellulose

dialysis membrane), was obtained from Thermo Fisher Scientific (Waltham, MA).

In vitro cell cultures and cytotoxicity assay
Short-term cultured human primary glioma GBM6 cells were previously characterized (Sarkaria et

al., 2006; Sarkaria et al., 2007) and maintained through serial passages in the mouse via subcutaneous
flank implantation in immune-deficient mice (Carlson et al., 2011). Short-term explant cultures were
raised in serum-containing media (Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum and 1% penicillin/streptomycin) and were used for subcutaneous implantation (Carlson et al.,
2011) and in vitro cytotoxicity assay. Explant cultures were plated on 96-well plates in triplicate and
treated with ponatinib at varying concentrations. Following a 5-day treatment, the CyQUANT assay

(Invitrogen) was performed as per the manufacturer’s instructions.

Lentiviral vector and cell transduction
To enable precise dissection to separate tumor from surrounding brain tissues, GBM6 cells were
genetically modified to express fluorescent protein. Briefly, a modified lentivirus vector pGIPZ-Luc2=tdT

was developed by replacing turbo green fluorescent protein (GFP) tag of pGIPZ with a fusion of firefly
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luciferase (Luc2) and tandem Tomato (tdT) red fluorescent protein excised from pcDNA3.1(+)/Luc2=tdT
(Patel et al., 2010). Lentiviral particles were packaged in HEK293T cells and transduction to primary
GBMS6 cells was performed in the presence of 5 pg/mL polybrene (Millipore) as previously described
(Gupta et al., 2014). Stable transductants expressing Luc2=tdT fusion gene (GBM6-Luc2=tdT) were

selected in 5 pg/mL puromycin, and subsequently propagated as flank tumors.

Tumor-bearing animals

All studies employing animals were approved by the Institutional Animal Care and Use
Committee, and all guidelines for the Care and Use of Laboratory Animals established by the U.S.
National Institutes of Health (Bethesda, MD) were followed. All animals were housed in a standard 12-
hour dark/light cycle with unlimited access to food and water.

Studies involving tumor implantation utilized female athymic nude mice (Hsd:athymic Nude-
Foxn1™; Envigo, Indianapolis, IN) at the age of 6-7 weeks. Detailed procedures for PDX establishment
were previously described (Carlson et al., 2011). Briefly, mice anesthetized using ketamine (100 mg/kg)
and xylazine (10 mg/kg), and intracranially implanted with 3 pL of cell suspension (100,000 cells per uL)
at 1 mm anterior and 2 mm lateral from the bregma. Subcutaneous flank-tumors were established by
injecting the flank of athymic nude mice with 2 million cells suspended in 100 pL of Matrigel/phosphate
buffered saline mixture. For tumor-tissue carving and imaging, orthotopic tumors were established from
explant cultures of GBM6-Luc2=tdT xenograft line and allowed to grow for 3 weeks before extracting

brain tissues and dissecting tumors.

Non-tumor-bearing animals

An equal number of female and male Friend leukemia virus strain B (FVB) wild-type mice
(Taconic Biosciences, Inc., Germantown, NY) were utilized at the age of 8-14 weeks for all studies
employing non-tumor-bearing animals. These animals were bred and maintained in the animal housing

facility at the Academic Health Center, University of Minnesota.

In vivo efficacy of ponatinib in GBM6 xenograft animals
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Mice with established flank tumors of approximately 200 mm® were randomized and treated with
either placebo (N = 9-10; vehicle of 30% PEG 400 and 0.5% Tween 80) or ponatinib (N = 10; 30 mg/kg
per day (O'Hare et al., 2009; Huang et al., 2010) via oral gavage until either the mice reached moribund
state or the tumor volume exceeded 1500 mm?®. On Day 14 post-implantation, intracranial xenografts (N
= 8-10) were randomized and treated with the same dosing regimen until moribund. Staff blinded to the
treatment group measured flank tumors three times per week and observed the intracranial xenografts
daily. Following the tumor implantation, the body weights of animals were monitored at least every other
day until the moribund state. Animals were euthanized with carbon dioxide upon reaching each of the

endpoints or other health issues noted.

Regional distribution of ponatinib in flank and intracranial tumor

Mice with established GBM6-Luc2=tdT tumor (flank tumors at least 200 mm? or orthotopic tumors
at 14 days post-implantation) were randomized and treated with a single oral dose of placebo (group 1) or
ponatinib (groups 2 and 3), followed by euthanasia at 1 hour (groups 1 and 2) or 6 hours (group 3) post
dose. Plasma, flank tumor, thigh muscle (non-cancerous), and the brain tissues were collected as
follows. Brain tissues extracted from orthotopically implanted animals were dissected under tdTomato
goggles. The left hemisphere (without tumor) was first separated from the tumor-bearing right
hemisphere. The right hemisphere was further carved to intracranial (IC) tumor core and peripheral
region called hereafter the brain-around-tumor (BAT). Purity of tissue dissection was confirmed by ex
vivo tissue imaging (VIS Spectrum, PerkinElmer, Waltham, MA) as illustrated in Figure 4. Plasma,
tumor, and various parts of brain were flash frozen on dry ice and stored at -80°C until LC-MS/MS

analysis or in vitro binding assay.

Plasma and brain pharmacokinetics of ponatinib

A single dose (30 mg/kg via oral gavage) of ponatinib was administered as an oral suspension
(vehicle of 0.5% methylcellulose and 0.2% Tween 80) to FVB wild-type mice. The mice were euthanized
by carbon dioxide inhalation at 0.5, 2, 4, 8, 12, 16, and 24 hours after oral administration (N = 4 at each

time point). Blood was collected via cardiac puncture, transferred to heparinized tubes and stored on ice.

202 ‘02 YoIe N Uo sjeudnor 134SY e Bio'seuinofiedse ed[ wody papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 28, 2017 as DOI: 10.1124/jpet.117.243477
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#243477
Page 10

Brain was surgically extracted and rinsed in water. Plasma was separated by centrifuging the blood

samples at 3500 rpm at 4°C for 15 minutes. Both plasma and brain samples were stored at -80°C until

LC-MS/MS analysis.

In vitro binding assay: Determination of free (unbound) fraction of ponatinib

The free fraction in plasma, brain and tumor homogenate (flank tumor, intracranial tumor core,
and BAT), and serum-containing media (Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum and 1% penicillin/streptomycin) were determined using a rapid equilibrium dialysis (RED)
(Thermo Fisher Scientific) as per manufacturer’s protocol with some modifications suggested in literature
(Kalvass and Maurer, 2002; Friden et al., 2007). Briefly, the tissue homogenate in 3 volumes (w/v; 4-fold
dilution) of phosphate buffered saline (PBS; pH 7.4) was prepared by mechanical homogenization
(PowerGen 125; Thermo Fisher Scientific, Waltham, MA). Each matrix was spiked with ponatinib to a
final concentration of 10 uM. The spiked matrix (300 pL) was loaded into the sample chamber and 500
pL of drug-free phosphate buffered saline (pH 7.4) into the corresponding buffer chamber in triplicate.
The chambers, sealed with an adhesive lid, were incubated at 37°C for 4 to 6 hours on an orbital shaker
(300 rpm; ShelLab, Cornelius, OR). Samples after dialysis were stored at -80°C until subsequent LC-

MS/MS analysis.

Analytical LC-MS/MS analysis

Total drug concentration of ponatinib in various specimens was determined using reverse-phase
liquid chromatography (Agilent model 1200 separation system; Agilent Technologies, Santa Clara, CA)
interfaced with TSQ Quantum triple quadrupole mass spectrometer (Thermo Finnigan, San Jose, CA) by
operating electrospray in positive ion mode and spray voltage at 4500 V. Brain samples were
homogenized with 3 tissue volumes of 5% bovine serum albumin (g/v) solution using a homogenizer
(PowerGen 125; Thermo Fisher Scientific, Waltham, MA). Ten volumes of 5% bovine serum albumin
(g/v) solution was added to flank tumor, thigh muscle, and core and peripheral (BAT) regions of
intracranial tumor, followed by homogenization using a tissue grinder (Kimble Kontes pellet pestle and

cordless motor, Fisher Scientific, Waltham, MA). Liquid-liquid extraction was performed for 25 pL aliquot
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of plasma or 50 uL aliquot of brain, thigh muscle, tumor or dialysis samples, by adding 75 ng of internal
standard, 10 volumes of ice-cold ethyl acetate, and finally 5 volumes of 0.2 M sodium hydroxide (pH 13).
Samples were mixed thoroughly by vortexing for 5 minutes, followed by centrifugation at 7500 rpm for 5
minutes (4°C). Organic layer was dried under nitrogen and reconstituted by dissolving the content in 150
ML of mobile phase (acetonitrile and 20 mM ammonium acetate with 0.05% formic acid) and solution
cleared by centrifugation at 14000 rpm for 5 minutes (4°C). Five microliter of the sample was injected to
the Zorbax XDB Eclipse C18 column (4.6 x 50 mm, 1.8 um; Agilent Technologies) and subjected to liquid
chromatography. Gradient elution with an internal standard imatinib was performed to separate analyte
for the samples resulting from flank tumor distribution and pharmacokinetic studies. The initial condition
of the mobile phase was comprised of 30% acetonitrile (B) and 70% 20-mM ammonium acetate with
0.05% formic acid (A; pH 4.5). Gradient elution was achieved as follows: Organic phase (B) was
increased from 30% to 100% during the first 6 minutes, held at 100% for 2 minutes, decreased to 30%
over 0.5 minutes and held at 30% for the remaining 7.5 minutes. The total run time was 16 minutes, and
the flow rate was 0.25 mL/min. The retention times were 7.8 minutes for ponatinib and 4.8 minutes for
imatinib, respectively. Mass-to-charge ratio (m/z) transitions were 533.1—260 for ponatinib and
494.3—394.1 for imatinib, respectively.

For all other study samples, a new isocratic method using a deuterated internal standard ([2H8]—
ponatinib) was developed in order to reduce the total run time to 7 minutes. A mobile phase of 45%
acetonitrile and 55% 20-mM ammonium acetate with 0.05% formic acid was eluted at a flow rate of 0.35
mL/min. The transition m/z 541—260 was monitored for [ZHs]—ponatinib. The retention time was 3.1
minutes for ponatinib and its deuterated internal standard. For each of these LC-MS/MS methods, the
calibration curve was sensitive and linear over the range of 0.4-2000 ng/mL (weighting factor of 1/Y?) with
coefficient of variation of less than 15%. All of the measured concentrations were within the range of the
calibration curve. Data acquisition and analysis were completed using Xcalibur software (version 2.0.7;

Thermo Finnigan, San Jose, CA).

Calculations
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Free fraction (fu) of ponatinib in the various tissue matrices was determined in vitro and
calculated using the ratio of buffer concentration to matrix concentration. For matrices other than plasma,
the calculation of free fraction accounted for dilution resulting from homogenate preparation (dilution

factor, D = 4) as shown below (Kalvass and Maurer, 2002):

1/D

1
<<fu,di|uted) '1) 1D

A tissue partition coefficient (e.g., brain-to-plasma ratio or tumor-to-plasma ratio), or Kp was quantitated

Free fraction (fu) = (Equation 1)

by the ratio of total tissue concentration to total plasma concentration. The unbound (free) derivative of
Kp (Kp,uu) was determined as follows:

futissue _ free tissue concentration
fu,plasma free plasma concentration

Free tissue partition coefficient (Kp,uu) = Kp x (Equation 2)

where fu,tissue and fu,plasma represent the free fraction in the specified tissue and plasma, respectively.
Total and free distribution advantage (DA and DAgce) to the tumor were calculated using the following
equations:

Kp,flank tumor Kp,IC tumor core
Kp,normal brain or Kp,BAT

Total distribution advantage (DAta)= (Equation 3)

Kp,uu,flank tumor Kp,uu,IC tumor core
Kp,uu,normal brain or Kp,uu,BAT

Free distribution advantage (DAfec)= (Equation 4)

Free drug concentrations were calculated by multiplying the total drug concentrations that were measured
using LC-MS/MS with the corresponding fu values that were determined using in vitro binding assay (Liu
et al., 2008). The total drug concentration-response curve resulting from in vitro cytotoxic assay was
multiplied with the free fraction in serum-containing media (fu,media) in order to yield the free drug
concentration-response curve. Total and free concentration-response curves were used to calculate total
ICso and free ICsg, respectively. The in vitro ICsq values were compared with the in vivo drug
concentrations, assuming that the 1Cs, could serve as a hypothetical effective concentration to help
explain the differences in response between flank tumor versus brain or different regions of intracranial

tumor.
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Pharmacokinetic data analysis

Plasma and brain concentration-over-time profiles from a single oral dose in FVB mice were
analyzed using Phoenix WinNonlin version 6.4 (Certara USA, Inc., Princeton, NJ). The areas-under-the
curve (AUCs) of brain and plasma concentrations were calculated by performing honcompartmental
analysis (NCA). Log-linear trapezoidal integration was used to either the last time point (AUCq.p) or time
infinity (AUCo..)) by including the extrapolated area beyond the last measured concentration. The area
extrapolation was calculated by dividing the last measured concentration (C.) With the terminal rate
constant (A) that describes the last three to five data points in the concentration profiles (Oberoi et al.,
2013). The Phoenix’s NCA module also reported other parameters/metrics, such as apparent clearance
(CL/F), apparent volume of distribution (Vd/F), half-life, and Cmax. The brain-to-plasma ratio (Kp or
Kp,uu) was calculated by the two methods: 1) the ratio of AUC g« prainy t0 AUC 0. piasma) @nd 2) the ratio of
the maximum brain concentration (Cmaxbrain) t0 the corresponding plasma concentration at that time point.
A previous publication discussed that a transient steady-state occurs at the time of Cpax brain (Tmaxbrain) @S

the rate of change of the brain concentration is zero at that time (Oberoi et al., 2013).

Statistical analysis

In vitro 1Cxo values were estimated by four-parameter nonlinear regression to characterize a log-
transformed drug concentration-response curve. The mean estimated free fraction was compared
between specimens using repeated unpaired two-sample t tests. Median survival and tumor progression
beyond 1500 mm® (time to endpoint) were estimated by the Kaplan-Meier method and compared using
the log-rank test. The Kp and Kp,uu values were compared to a hypothetical value of 1 (unity) by
performing one-sample t tests. In addition, the total and free drug concentrations resulting from tumor
distribution studies were compared with the total and free in vitro ICs, values using one-sample t tests.
Data presentation and statistical tests were completed using GraphPad Prism (Version 6; GraphPad
Software, La Jolla, California USA). All experimental data are presented as mean * standard deviation
(S.D.) or standard error of the mean (S.E.M). Based on our previous experience, sample sizes were
estimated to obtain approximately 80% power to detect 50% difference between groups. In all cases, P <

0.05 was considered statistically significant.
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RESULTS
In vitro efficacy of ponatinib in GBM6 tumor cells

The total ICso value based on the experimental total drug concentration-response curve was 1.08
UM in GBM6 cell culture (Figure 1). The free fraction of ponatinib was determined in the serum-
containing medium using rapid equilibrium dialysis. After adjustment to the free drug concentration-

response profile, the free ICs, value was 0.032 uM (Figure 1).

In vivo efficacy of ponatinib in flank and orthotopic GBM6 xenografts

The efficacy of ponatinib was initially evaluated in flank GBM6 tumor models to avoid the potential
confounding influence of drug delivery across the BBB. Ponatinib (30 mg/kg per day via oral gavage)
significantly prolonged the time to the tumor growth endpoint (progression beyond 1500 mm3) in GBM6
flank xenografts (37 vs. 28 days, *P = 0.0018; Figure 2A). Results from this study in the flank tumor
model suggested that ponatinib was modestly effective in GBM model in vivo. We then tested efficacy of
the same ponatinib regimen in orthotopic model. Interestingly, unlike the tumor stasis observed in flank
xenografts, ponatinib was inefficacious with improving the median survival (37.5 vs. 35 days, P = 0.42;
Figure 2B) in the orthotopic model. These results indicate that ponatinib was effective in heterotopic but
not in orthotopic GBM6 PDX tumors. The ponatinib treatment did not result in a significant weight loss in
the flank and orthotopic GBM6 xenografts (Supplemental Figure 1). The body weights stayed within 20%

of the baseline value until the day of euthanasia, regardless of the treatment (placebo or ponatinib) group.

Brain distribution of ponatinib

The brain and plasma concentrations, and brain-to-plasma ratio profiles after a single oral dose
(30 mg/kg) of ponatinib in FVB wild-type, GBM6 flank and intracranial xenografts are presented in Figure
3. The brain and plasma concentrations, and brain-to-plasma ratios estimated in tumor-bearing animals
at 1 and 6 hour time points agreed with the time-course profile determined in FVB mice, indicating a lack
of significant difference in the concentrations and estimates of brain-to-plasma ratios regardless of the
mouse strain. As shown in Figure 3A, the total drug concentrations were lower in the brain than plasma

up to 12 hours post dose. However, the total brain drug concentrations were similar to the total plasma
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concentrations during the last two time points (16 and 24 hours post dose). The maximum concentration
of ponatinib occurred at 2 hours post dose both in the brain and plasma. The apparent volume of
distribution (Vd/F) was 17.6 liters/kg, and the apparent clearance (CL/F) was 46.6 mL/min/kg, as shown in
Table 1. The Kp values determined from the AUC ratios (AUC .« prain)/ AUC 0w plasma) OF AUC q.tbrainy/ AUCo-t,
plasma)) Were about 0.8, and the value was similar regardless of using AUC ., or AUC ..,y given the low
percent (< 6%) extrapolated from the last measured time point to infinity for the calculation of AUC. The
transient steady-state brain-to-plasma ratio (Kp) was 0.87, which closely matched the AUC ratio based Kp
values. In Figure 3B, the free plasma concentrations were consistently greater than the free brain
concentrations throughout all time points after administration of a single oral dose of ponatinib. The
Kp,uu values based on AUC..) Or transient steady-state concentrations were about 0.1, which was
considerably below unity (1) (Table 1). Such Kp,uu values indicate restricted brain penetration of
ponatinib across the BBB. Figure 3C shows the time course of instantaneous Kp and Kp,uu values. The
Kp values increased up to 2 hours post dose and stayed consistently around 1 throughout the rest of time

points. However, the Kp,uu values stayed below 1 throughout all time points.

Drug binding at various tissue sites

An incubation time of 4 hours was adequate to reach equilibrium between the buffer and sample
chambers during the rapid equilibrium dialysis (RED) experiment. We observed that there was no
difference in the estimated free fraction (fu) after 4 hours versus 6 hours of incubation, indicating that
equilibrium had been reached at 4 hours. Due to the limited tissue quantity available of intracranial
tumor, the free fraction of pontatinib in the intracranial tumor was estimated using an incubation time of 4
hours.

The free fraction of ponatinib in different regions of tumor-bearing brain was evaluated, using the
specimens collected from tdTomato-guided dissection of tumor regions as illustrated in Figure 4. The
data resulting from the in vitro binding assay are displayed in Figure 5 and Table 2. All specimens had a
free fraction of less than 1%. Notably, the free fraction in plasma was about 10-fold higher than normal
brain (*P = 0.0071). The BAT showed the similar free fraction as normal brain (P = 0.24). However, the

intracranial tumor core showed a 5-fold higher free fraction than the BAT (*P = 0.032), suggesting
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heterogeneous drug-tissue binding across different regions of the intracranial tumor-bearing brain.

Interestingly, the free fraction was similar between flank tumor and intracranial tumor core (P = 0.42).

Site-differential drug distribution

Total and free drug distribution in different regions of tumor-bearing brain was also examined,
using the specimens collected from tdTomato-guided dissection of tumor regions as illustrated in Figure
4. Total and free drug concentrations resulting from the tumor-site specific drug distribution studies are
presented in Figure 6 and Supplemental Table 1. In GBM6 flank xenografts, there were greater total and
free drug exposure in flank tumor than the non-tumor bearing (normal) brain at two different time points.
The total and free concentrations were consistently higher in flank tumor compared to normal brain at
both 1 and 6 hours, respectively, after administration of a single dose of ponatinib (30 mg/kg) to mice with
flank xenografts (Figures 6A and 6B). The total concentration of ponatinib in non-cancerous thigh muscle
was significantly higher than in normal brain at both 1 and 6 hour time points (Figure 6A). At the 6 hour
time point, however, the total concentration in the non-cancerous thigh muscle was lower than the flank
tumor, indicating that ponatinib distribution is different between the cancerous and non-cancerous
peripheral tissues, as may be anticipated by anatomical differences in vessel structure and function
related to tumor-induced angiogenic processes. The total and free tissue partition coefficients (Kp and
Kp,uu) were at least 4-fold higher in flank tumor than the normal brain (Figures 7A and 7B, and
Supplemental Table 1) as reflected in the DAy and DAgee Values, respectively, demonstrating limited
drug delivery to the brain compared to flank tumor. The Kp value was greater than 1 (circa 2.6 to 8.8) in
the flank tumor and non-cancerous thigh muscle (circa 2.7 to 4.0), but less than or equal to 1 in the
normal brain (circa 0.6 to 1.2), at both time points (1 and 6 hours post dose). The Kp,uu value was
consistently and significantly less than 1 for normal brain at both time points, whereas the Kp,uu value in
the flank tumor equaled or exceeded unity (1) (Figure 7B).

In GBM6 intracranial xenografts, regional differences in total and free drug concentrations were
observed between the intracranial tumor core and BAT. The total and free drug concentrations were
consistently higher in tumor core versus BAT after 1 and 6 hours, respectively, of ponatinib treatment

(Figures 6C and 6D, and Supplemental Table 1). The intracranial tumor core had at least 3-fold higher
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total and free tissue partition coefficients (Kp and Kp,uu) than BAT, at both time points (Figures 7C and
7D, and Supplemental Table 1). As reflected in the DA and DAsee Values in these regions, the growing
edge of intracranial tumor (brain-around-tumor, BAT) has relatively impeded drug accumulation compared
to the necrotic core of intracranial tumor.

The total and free drug concentrations resulting from drug distribution studies were compared
with its respective ICso values. The total concentrations in flank tumor exceeded the total ICsq value at
least by 2.5-fold at 1 and 6 hours, respectively, after ponatinib treatment whereas the normal brain did not
(Figure 6A and Supplemental Table 1). These data suggest that drug distribution to normal brain is
disadvantaged. In the intracranial xenografts, the total drug concentration in the intracranial tumor core
exceeded the total ICsq value, at both time points, but did not in the BAT (Figure 6C and Supplemental
Table 1), indicating regional differences in drug accumulation in the intracranial tumor. The relative
differences in drug concentrations and the total ICxy value in the tissue sites were consistent with the
contrasted efficacy between flank versus orthotopic models. However, in vitro free ICsq was not reached

even with the maximum tolerated dose of ponatinib (30 mg/kg per day) (Figures 6B and 6D).

DISCUSSION

We have previously reported differences in the distribution of small molecule tyrosine kinase
inhibitors between flank and orthotopic tumor sites, which resulted in variable treatment efficacy in PDX
GBM models (Parrish et al., 2015; Pokorny et al., 2015). These studies showed the link between limited
drug distribution to the brain and lack of efficacy in orthotopic tumors. The current study showed a similar
finding for ponatinib, and further indicated that various regions of the brain and brain tumor, i.e., the
normal brain (contralateral hemisphere) and the invasive rim of an intracranial tumor (brain-around-tumor,
BAT), have variable and limited total (i.e., free and bound) drug distribution. Importantly, these data also
revealed that these intracranial regions had lower levels of free drug exposure compared to the flank
tumor, in spite of a relatively high total brain-to-plasma partition coefficient (Kp) near unity.

The free drug concentration in plasma is considered to be a driving force for distributional
processes, including distribution to the brain, according to the free drug hypothesis (Dubey et al., 1989;

Hammarlund-Udenaes et al., 2008; de Lange, 2013). Brain drug penetration is modulated by the blood-
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brain barrier (BBB), where tight junctions prevent paracellular drug transport and efflux transporters
reduce drug accumulation in the brain (Abbott et al., 2006). However, this vascular barrier is quite
different in the peripheral vasculature, and greater drug penetration to a flank tumor versus intracranial
tumor for a tyrosine kinase inhibitor has been reported (Parrish et al., 2015). If the AUC of free drug in
the brain and plasma were equal, the observed Kp,uu would be 1, indicating the absence of net
transporter-mediated drug flux and that passive diffusion is possibly the only transport process at the
BBB. This situation may result in similar free brain concentration and free plasma concentration profiles.
In the current study, the Kp,uu value for ponatinib, however, was significantly below 1 in the normal brain
and the invasive rim (BAT) of intracranial tumor (Figure 7), indicating that active efflux transport
modulates the ponatinib accumulation in the brain. It is important to note that the assessment of brain
penetration using a total brain-to-plasma ratio (Kp) can be misleading for a compound, such as ponatinib,
because the Kp value does not account for free drug concentration ratios across the BBB, where efflux
transporters can lead to a greater clearance out of, than into, the brain. These free plasma and brain
concentration data (Figure 3), and the resultant Kp,uu, suggest that efflux transport strongly influences
ponatinib brain penetration. This finding was not surprising, since we have previously shown that
ponatinib is a substrate of the two major efflux transporters in the BBB, breast cancer resistance protein
(Bcrp) and p-glycoprotein (P-gp/Mdrl). In studies examining the brain distribution of ponatinib in wild-
type and transporter deficient mice, the brain-to-plasma Kp value for total drug was 18-fold higher in the
Mdrla/b(-/-)Berpl(-/-) mice lacking Berp and P-gp compared to wild-type (Laramy et al., 2015; Laramy et
al., 2016).

The extent of free drug fraction at the site of action is anticipated to differ depending on the tissue
composition. The study by Ha et al. demonstrated that the lipid composition differs between tumor
tissues obtained from flank and orthotopic implantation in NOD.CB17-Prkdc*/J (NOD/scid) mice, based
on a lipidomic analysis for two human GBM xenograft lines (GBM10 and GBM43 from the Mayo Clinic
GBM PDX panel) (Ha et al., 2007). This finding suggests that even for the same tumor xenograft,
different tissue-dependent microenvironments can result in widely varying free fractions of a drug. Our in
vitro binding assay demonstrated differences in the free drug fraction between the two tumor sites, where

the free fraction was about 4-fold higher in the flank tumor environment than the invasive growing edge of
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the intracranial tumor environment. Our finding is consistent with the theory that different tissue
compositions can influence the free fraction and hence, free drug exposure at the site of action (tumor). If
the brain-to-plasma partitioning of total drug (in the case of ponatinib, Kp ~ 1) is the only parameter used
for the assessment of brain penetration, it is possible to erroneously conclude that drug exposure is not
an issue in the lack of efficacy in orthotopic GBM. The current study showed that the free fraction of
ponatinib was about 10-fold lower in the invasive BAT region (and normal brain) than plasma. Solely due
to the different free fraction between plasma and brain, the Kp,uu between brain and plasma became 0.1;
while the Kp value reached unity. The Kp,uu below unity was also expected because ponatinib is a
substrate of the two major efflux transporters in the BBB (Laramy et al., 2015; Laramy et al., 2016). The
Kp,uu between flank tumor (or intracranial tumor core) and plasma equaled or exceeded unity at 1 and 6
hours post dose, whereas the Kp,uu stayed below unity in the growing edge of the tumor (BAT), i.e., the
desired site of action. The compromised free drug exposure in the brain compared to flank tumor may
account for the differences in efficacy between the flank and orthotopic tumors. This may be an important
consideration when conducting in vivo screening for efficacy of anti-tumor therapies for brain tumors. The
tissue-dependent composition and binding highlight that the tumor implantation to two sites (e.g., flank
and orthotopic) can not only allow exploration of the influence of different tumor sites on efficacy testing,
but also drug delivery issues that have therapeutic consequences, such as a different free fraction in
various tumor microenvironments.

The use of heterotopic and orthotopic GBM models within a single study was useful in
investigating differences in free fraction and site-dependent drug delivery. A greater therapeutic
advantage, in terms of free drug exposure, was observed in flank tumor than orthotopic tumor, in part,
because the efflux or blood-tissue barrier is absent in the flank tumor unlike the orthotopic tumor. Figure
8A shows a hypothetical schematic of the equilibration of free (unbound) drugs across different tissue
compartments, including blood, flank and orthotopic tumors. Orthotopic GBM tumor models have
distinctive disadvantages to effective therapy because of the heterogeneity in the BBB vasculature.
Angiogenesis, often accompanying dissemination of glioblastoma invasion, causes a focal disruption of
the BBB (Jain et al., 2007; Claes et al., 2008). As a result, the BBB vasculature is relatively leakier in the

core region in contrast to the brain parenchyma that is farther away from the necrotic tumor core (Youland
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et al., 2013) (Figure 8B). The BAT, or the growing edge region of intracranial tumor, is the therapeutically
critical area that requires "adequate” free drug exposure, in order to enhance efficacy of invasive GBM.
This particular area is not visualized by contrast-enhanced imaging and thus not removed by the imaging-
guided surgical resection of the necrotic core (Agarwal et al., 2011; Youland et al., 2013). The lower
Kp,uu and free drug concentration of ponatinib in the BAT than the intracranial tumor core suggest that
intact BBB may reduce the penetration of ponatinib to the growing edge and thus allow GBM invasion
throughout the rest of the brain (Figure 8C).

The present study showed that regional differences in total and free drug exposure in the brain or
across different regions of an intracranial tumor may negatively affect efficacy in an orthotopic model.

The free concentration of ponatinib was lower in the invasive rim of intracranial tumor and normal brain
compared to flank tumor and brain tumor core. The assessment of Kp,uu also revealed the potential
influence of transporter-mediated drug efflux on ponatinib CNS delivery, confirmed by transporter-
deficient mouse models. The free fraction of ponatinib was variable at various tumor sites, suggesting
that differences in the tumor or tissue microenvironment, i.e., the composition of a binding matrix, can
influence efficacy through spatial heterogeneity in active (free) drug exposure.

A limitation of the present study is that the in vitro ICs, value was notably above the in vivo free
concentration of ponatinib in flank tumor, leading to in vitro-in vivo discrepancies in predicting the site-
dependent efficacy. A possible explanation is that the estimation of free fraction in the serum-containing
media (used for scaling total ICsq to free ICso) might have been overestimated, perhaps, due to other non-
specific binding (e.g., cell culture apparatus) and complex in vivo processes (e.g., metabolism and other
cellular processes) that can further sequester free drug. It is also possible that inclusion of additional data
points in the response region of the drug concentration-time curve could have improved the estimation of
the 1Cxp.

In conclusion, this study showed that there was a significant difference in the flank versus
orthotopic efficacy of the multi-targeted kinase inhibitor ponatinib against a GBM PDX that exhibited
resistance to standard therapy. Despite the apparent high brain penetration of ponatinib based on the
total drug concentrations and AUC ratio (Kp), the AUC ratio of free drug (Kp,uu) between brain and

plasma was significantly less than unity when free fractions were used to determine the partitioning of

202 ‘02 YoIe N Uo sjeudnor 134SY e Bio'seuinofiedse ed[ wody papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 28, 2017 as DOI: 10.1124/jpet.117.243477
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#243477
Page 21

free drug. The Kp,uu of brain below unity can indicate a net efflux process out of the brain. Importantly,
this free Kp,uu varied amongst tumor sites (brain vs flank) and even within a tumor site (core vs brain-
around-tumor, BAT). The tumor microenvironment and site-dependent variability in drug-tissue binding
may account for the lower, free (active) drug exposure in the BAT, the critical site of action for effective

GBM treatment.
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LEGENDS FOR FIGURES

Figure 1. In vitro efficacy of ponatinib: Growth curve showing effect of various concentrations of ponatinib
on GBM6 cells in vitro as determined by CyQUANT assay. The ICs, value resulting from response curves
for the experimental total drug concentration (solid line, presented as mean + standard error of the mean
(S.E.M); N = 3 in triplicate) or free drug concentration (dotted line, determined using the measured free
fraction in serum-containing media). The total and free ICsy values were 1.08 uM and 0.032 uM,

respectively, in GBM6 cell culture.

Figure 2. Evaluation of in vivo efficacy of ponatinib (30 mg/kg per day) in GBM6 xenografts. (A) Kaplan-
Meier curves for GBM6 flank xenografts (N = 9-10) with the end point of tumor size exceeding 1500 mm?®
(* P <0.05). (B) Kaplan-Meier curves for GBM6 intracranial xenografts (N = 8-10) showing no difference

in survival between placebo and ponatinib groups (P > 0.05, N.S., not significant).

Figure 3. Pharmacokinetic profiles after administration of a single oral dose (30 mg/kg) of ponatinib in
FVB wild-type mice, GBM®6 flank and intracranial xenografts. (A) Total brain (dotted line with circle) and
plasma (solid line with square) concentration-over-time curves. (B) Free brain (dotted line with circle) and
plasma (solid line with square) concentration-over-time curves. (C) Total brain-to-plasma ratio (Kp; solid
line with triangle) and free brain-to-plasma ratio (Kp,uu; dotted line with upside-down triangle). Data are
presented as mean + standard deviation (S.D.). The data in FVB wild-type mice are displayed in black

color, those in GBM6 flank xenografts in red, and GBM6 intracranial xenografts in blue.

Figure 4. A representative image illustrating how different regions of tumor-bearing brain were dissected
after visualizing the tumor with ex vivo imaging. The tumor cells expressing red fluorescence (tdTomato)
were injected into the right hemisphere. The tumor center with the highest fluorescent signal was defined
as the core, the surrounding brain tissue as the brain-around-tumor (BAT), and the contralateral

hemisphere as the normal brain. (A) Brain without tumor. (B) Brain with tumor. (C) Separation of tumor

and brain. The letters: L = left hemisphere, R = right hemisphere, T= tumor core, BAT = brain-around-
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tumor, N = normal brain, line bar = 1 cm, color scale on the right was adjusted to represent each picture

shown. The green dotted lines outline each of the intracranial regions.

Figure 5. Free fraction (fu) values determined from in vitro rapid equilibrium dialysis (RED) experiment
after 4-hour incubation in triplicate. Two-sample t test was performed to compare plasma versus normal
brain (* P < 0.05), normal brain versus brain around intracranial tumor (BAT) (P > 0.05; N.S., not
significant), intracranial tumor core (IC tumor core) versus BAT (* P < 0.05), and IC core versus flank

tumor (P > 0.05; N.S., not significant). Data are presented as mean + standard deviation (S.D.).

Figure 6. Concentrations of ponatinib at 1 and 6 hours after administration of a single oral dose (30
mg/kg) of ponatinib in GBM6 flank and intracranial xenograft mice in tumor distribution studies. (A) Total
drug concentration in plasma, normal brain, flank tumor, and thigh muscle (non-cancerous) in flank
xenograft mice (N = 4-6). (B) Free drug concentration in plasma, normal brain, and flank tumor in flank
xenograft mice (N = 4-6). (C) Total drug concentration and (D) free drug concentration in plasma,
intracranial tumor core (IC tumor core), and brain-around-tumor (BAT) in intracranial xenograft mice (N =
3-4). Dotted lines represent hypothetical effective concentrations, or ICs values (1.08 uM based on total
drug and 0.032 uM based on free drug). One-sample t tests were performed to compare the total and
free concentrations with the respective total and free ICsy values at a significance level of 0.05 (* P <
0.05). The upward arrows and the listed values indicate the higher drug concentrations in the flank tumor
versus normal brain in the flank xenograft mice, and those in the IC tumor core versus BAT in the

intracranial xenograft mice. Data are presented as mean + standard deviation (S.D.).

Figure 7. Total and free tissue-to-plasma ratios (single time point Kp and Kp,uu, respectively) at 1 and 6
hours after administration of a single oral dose (30 mg/kg) of ponatinib in GBM6 flank and intracranial
xenograft mice for tumor distribution studies. (A) Kp in normal brain, flank tumor, and thigh muscle (non-
cancerous) in flank xenograft mice (N = 4-6). (B) Kp,uu in normal brain and flank tumor in flank xenograft
mice (N = 4-6). (C) Kp and (D) Kp,uu in the tumor core (IC tumor core) and brain-around-tumor (BAT) in

intracranial xenograft mice (N = 3-4). One-sample t tests were performed to compare the experimental

202 ‘02 YoIe N Uo sjeudnor 134SY e Bio'seuinofiedse ed[ wody papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on August 28, 2017 as DOI: 10.1124/jpet.117.243477
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#243477
Page 30

values of tissue partition coefficients (Kp and Kp,uu) with the hypothetical value of 1 at a significance level
of 0.05 (* P < 0.05). Dotted lines represent unity (Kp or Kp,uu at 1). The upward arrows and the listed
DA values (DA Or DAfee) indicate the higher tissue partition coefficients (Kp or Kp,uu) in the flank tumor
versus normal brain in the flank xenograft mice, and those in the IC tumor core versus BAT in the

intracranial xenograft mice. Data are presented as mean * standard deviation (S.D.).

Figure 8. A hypothetical schematic of the equilibration of free (unbound) drug delivery between plasma
(blood) and tumor sites (flank or orthotopic tumor). (A) The movement of free drugs in the absence of the
blood-tissue barrier in PDX mice with flank xenograft and in the presence of the blood-brain barrier (BBB)
in PDX mice with orthotopic xenograft. (B) Relative BBB integrity throughout the brain bearing GBM
tumor. (C) Relatively restricted free drug delivery to the growing edge (brain-around-tumor, BAT) of

orthotopic tumor and resultant GBM invasion throughout the rest of brain.
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TABLES

Table 1. Pharmacokinetic/metric parameters determined by noncompartmental analysis of total and free
drug concentrations in the brain and plasma, following serial sacrifice (destructive sampling) after a single
oral dose (30 mg/kg) of ponatinib in FVB wild-type mice. Data are presented as mean or mean +

standard error of the mean (S.E.M.)

Plasma Brain
Free drug Total drug Free drug Total drug
Half-life (hr) - 4.4 - 5.7
Tmax (hr) - 2 - 2
Cmax (uM) 0.0044 = 1.93+£0.18 0.00050 * 1.69+0.12
0.00041 0.000036
(Mean = S.E.M)
AUC .y (hr*uM) 0.042 + 0.0026 18.3+1.13 0.0043 + 146+1.21
0.00035
(Mean £ S.E.M.)
AUC gy (hr*uM) 0.043 18.9 0.0046 155
Vd/F (L/kg) - 17.6 - -
CL/F (mL/min/kg) - 46.6 - -
Kp (AUC . ratio) - - - 0.82
Kp,uu (AUC q..y ratio) - - 0.11 -
Kp (transient steady- - - - 0.87
state)
Kp,uu (transient steady- - - 0.11 -
state)

Tmax, time at the maximum drug concentration

Cmax, maximum drug concentration

AUCo.), area under the curve from zero to time infinity

Vd/F, apparent volume of distribution

CL/F, apparent clearance
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Kp (AUC ratio), the ratio of AUC g« prain) 10 AUC g« piasmay USING total drug concentrations

Kp,uu (AUC ratio), the ratio of AUC g prain) t0 AUC 0. piasmay USING free drug concentrations

Kp (transient steady-state), the ratio of the maximum total brain concentration to the corresponding total
plasma concentration at that time

Kp,uu (transient steady-state), the ratio of the maximum free brain concentration to the corresponding

free plasma concentration at that time
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Table 2. Free fraction (fu) values determined from in vitro rapid equilibrium dialysis (RED) experiment

after 4-hour incubation in triplicate. Data are presented as mean +* standard deviation (S.D.).

Matrix fu value (%)
(Mean £S.D.)
Serum-containing media 2.99 + 0.089
Plasma 0.23 + 0.068
Normal brain 0.029 + 0.0085

Brain-around-tumor (BAT) | 0.023 £ 0.0014
Intracranial tumor core 0.12 £ 0.051

Flank tumor 0.088 + 0.024

fu, free (unbound) fraction of drug
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Figure 2.
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Figure 4.
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Figure 6
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C Intracranial xenograft
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Figure 8.
A Flank Xenograft Orthotopic Xenograft
L J
=
>
<Blood> <Flank tumor> <Blood> <Tumor-bearing brain>
<Tumor>
Unbound ~—— > Unbound > —>
Unbound " Unbound <<= Unbound
Bound Bound Bound Bound Bound
&
@

Relative BBB integrity
(solid red line: tumor core)

Broken (leaky)
BBB

Average BBB
integrity

Intact BBB

C

* Intracranial
tumor core

* Growing edge of
orthotopic tumor core

= Uninvaded brain

Contrast-enhanced MRI image
(solid red line: tumor core)

Blood-brain barrier (BBB)

GBM invasion

After surgical resection of tumor core

High High High
g 5 g
8 g » S

Low Low Low

202 ‘02 YoIe N Uo sjeudnor 134SY e Bio'seuinofiedse ed[ wody papeojumoq


http://jpet.aspetjournals.org/

